Cytosolic DNA-mediated activation of the transcription factor IRF3 is a key event in host antiviral responses. Here we found that infection with DNA viruses induced interaction of the metabolic checkpoint kinase mTOR downstream effector and kinase S6K1 and the signaling adaptor STING in a manner dependent on the DNA sensor cGAS. We further demonstrated that the kinase domain, but not the kinase function, of S6K1 was required for the S6K1-STING interaction and that the TBK1 critically promoted this process. The formation of a tripartite S6K1-STING-TBK1 complex was necessary for the activation of IRF3, and disruption of this signaling axis impaired the early-phase expression of IRF3 target genes and the induction of T cell responses and mucosal antiviral immunity. Thus, our results have uncovered a fundamental regulatory mechanism for the activation of IRF3 in the cytosolic DNA pathway.
In eukaryotic cells, double-stranded DNA is normally sequestered in the nucleus or the mitochondria and is thereby prevented from direct contact with the cytosol. Thus, cytosolic exposure of DNA resulting from microbial infection or damaged host cells turns on an evolutionarily conserved 'danger' signal to alarm the host immune system 1,2 . In particular, infection with various DNA virus families results in the introduction of DNA into the cytosol. For example, adenovirus (Ad), a nonenveloped, double-stranded DNA virus used extensively as a vector for both gene therapy and DNA vaccines 3 , exposes its genomic DNA to the cytosol during the infection process and has been used as a prototypical DNA virus for the study of DNA-recognition pathways of the host innate immune system 4, 5 .
Cytosolic DNA is a key pathogen-associated molecular pattern that is sensed mainly through the cytosolic cyclic GMP-AMP (cGAMP) synthase cGAS 6, 7 , which triggers innate antiviral and autoimmune responses 1, 2 . Upon binding to cytosolic DNA, cGAS catalyzes the production of a secondary messenger, the noncanonical 2′,3′ cGAMP (c[G(2′,5′)pA(3′,5′)p]), which is distinct from the canonical bacterial 3′,3′ cGAMP (c[G(3′,5′)pA(3′,5′)p]) [6] [7] [8] [9] . The cGAS product binds to and activates the downstream signaling adaptor STING 10, 11 (also known as MPYS, MITA, ERIS and TMEM173) [12] [13] [14] [15] . Activated STING in turn recruits and activates the transcription factor NF-κB inhibitor IκB kinase IKK and the kinase TBK1, which leads to activation of NF-κB and the transcription factor IRF3, respectively 6, 7, 9 . Despite such advances in the understanding of DNA-sensing mechanisms, the interactions between distinct regulatory molecules involved in the cytosolic DNA-signaling machinery remain to be further defined.
The two homologous isoforms of the ribosomal protein S6 kinase (S6K), S6K1 and S6K2, are effector serine-threonine kinases downstream of mTOR, a central member in the family of kinase PI(3)Krelated kinases that functions as a key signaling integrator of a variety of cues, such as nutrients, stress, cell growth and apoptosis, and transcriptional as well as translational coordination 16 . Of importance, published studies have shown that the mTOR-S6K signaling axis modulates Toll-like receptor pathways in a manner sensitive to the mTOR inhibitor rapamycin [17] [18] [19] . However, it is currently unknown whether mTOR-S6K is integrated into the cytosolic DNA-mediated STING signalosome.
Here, using Ad as a model DNA virus, we found that S6Ks, especially S6K1, were required for Ad-induced activation of IRF3 independently of the kinase activity of S6K. We demonstrated that S6K1 interacted physically with activated STING in a cGAS-cGAMP-dependent manner and formed a tripartite S6K1-STING-TBK1 signaling complex. This S6K-dependent IRF3 signaling was important for the induction of early innate immune responses, as well as robust T cell immunity and mucosal antiviral defense. Thus, our report reveals a previously unrecognized regulatory function of S6Ks in the context of cytosolic DNA-elicited immunological signaling.
RESULTS
Requirement for S6K1 and S6K2 in Ad-induced IRF3 activation Ad induces the phosphorylation of IRF3 in a variety of immune cells 4, 5 .
To characterize the profile of Ad-induced IRF3 phosphorylation in mouse bone marrow-derived myeloid dendritic cells (BMDCs), we transduced wild-type BMDCs with recombinant human Ad serotype 5 vector with deletion of E1 and E3, which are involved in mediating Ad replication and host immunomodulation, respectively. Immunoblot analysis showed that Ad elicited sustained phosphorylation of IRF3 at Ser396 over a time course of 48 h in BMDCs ( Supplementary  Fig. 1a ) and that phosphorylated IRF3 was distributed in both nuclear fractions and cytoplasmic fractions ( Supplementary Fig. 1b) , which suggested that Ad-induced phosphorylation of IRF3 was a continual process in BMDCs.
IRF3 signaling is pivotal in host immune responses 20, 21 . Because mTOR-S6K and mTOR-4E-BP signaling modules, widely known as regulators of cell growth and metabolism, have been shown to shape host innate immunity [17] [18] [19] 22 , we sought to determine whether S6K1 and S6K2 or members of the 4E-BP family of translational repressors were involved in regulating cytosolic DNA-induced phosphorylation of IRF3 by transducing Ad into BMDCs deficient in S6K1 (Rps6kb1 −/− ; called 'S6k1 −/− ' here) or S6K2 (Rps6kb2 −/− ; called 'S6k2 −/− ' here) or both (S6k1 −/− S6k2 −/− ), or deficient in 4E-BP1 and 4E-BP2 (Eif4ebp1 −/− Eif4ebp2 −/− ) or 4E-BP1, 4E-BP2 and 4E-BP3 (Eif4ebp1 −/− Eif4ebp2 −/− Eif4ebp3 −/− ). There was much less phosphorylation of IRF3 in S6k1 −/− BMDCs (Fig. 1b) than in wild-type BMDCs (Fig. 1a) , whereas the effect of the deletion of S6K2 was less severe (Fig. 1c) . The phosphorylation of IRF3 was profoundly impaired in S6k1 −/− S6k2 −/− BMDCs (Fig. 1d) , while no such effect was observed in Supplementary Fig. 1c) . Notably, expression of IRF3 protein was not affected by ablation of S6K1 or S6K2 or both (Fig. 1b-d) , which indicated that the regulation of Ad-induced activation of IRF3 by S6K was not due to downregulation of IRF3 expression. Furthermore, immunoblot analysis showed that Ad promoted translocation of IRF3 to the nucleus in wild-type BMDCs but not in S6k1 −/− S6k2 −/− BMDCs (Fig. 1e) . Immunofluorescence microscopy confirmed that the Adinduced translocation of IRF3 to the nucleus was much lower in S6k1 −/− S6k2 −/− BMDCs than in wild-type BMDCs (Fig. 1f) . Together these results indicated that S6Ks, particularly S6K1, were essential for Ad-triggered activation of IRF3. Additionally, we observed that the phosphorylation of IRF3 induced by herpes simplex virus type 1 (HSV-1) was similarly lower in S6k1 −/− S6k2 −/− BMDCs than in wildtype BMDCs (Supplementary Fig. 2a) .
In parallel experiments, we stimulated wild-type and S6k1 −/− S6k2 −/− BMDCs with lipopolysaccharide, which is a ligand for Toll-like receptor 4, or with vesicular stomatitis virus (VSV), which is known to activate the RNA helicase RIG-I 23 . We observed no difference between wild-type and S6k1 −/− S6k2 −/− BMDCs in their phosphorylation of IRF3 after such treatment ( Supplementary  Fig. 2b,c) , which suggested that S6K was required specifically for viral DNA-induced activation of IRF3 in the cytosolic DNA pathway. To extend these findings, we transfected purified Ad DNA, synthetic interferon-stimulatory DNA (ISD) or non-canonical cGAMP, the mammalian cGAS cyclic dinucleotide 8, 24 , into BMDCs. Transfection of Ad DNA (Supplementary Fig. 3a), ISD (Supplementary Fig. 3b ) or cGAMP (Supplementary Fig. 3c ) triggered robust phosphorylation of IRF3 in wild-type BMDCs but not in S6k1 −/− S6k2 −/− BMDCs. Thus, S6K1 and S6K2 were essential for the cytosolic DNA-induced phosphorylation of IRF3.
Next we investigated the S6K-dependent induction of interferon-stimulated genes following transfection of ISD into BMDCs. Stimulation with ISD triggered robust induction of IFIT1, IFIT3 and ISG15 protein, all encoded by genes that are targets of IRF3, in wild-type BMDCs (Supplementary Fig. 3d ). In contrast, 8-hour induction of these proteins was substantially impaired in both S6k1 −/− S6k2 −/− BMDCs (Supplementary Fig. 3e ) and IRF3-deficient A r t i c l e s (Irf3 −/− ) BMDCs (Supplementary Fig. 3f ). Together these data suggested that S6K-IRF3 signaling was a crucial temporal regulator for the early-phase induction of IRF3 target genes in the cytosolic DNA pathway.
IRF3 activation does not require the kinase function of S6K S6Ks are known to regulate various cellular events through their kinase function 16 . To ascertain whether the kinase activity of S6K was critical in Ad-triggered activation of IRF3, we first characterized the phosphorylation of S6K1 at Ser371 and Thr389 (refs. 16,25) . Immunoblot analysis with antibodies specific for phosphorylation at these sites indicated that S6K1 was phosphorylated in BMDCs even in the absence of Ad transduction (Fig. 2a) . In addition, the prototypic S6K substrate rpS6 (ribosomal protein S6) 16, 25 was also constitutively phosphorylated at Ser240 and Ser244 in unstimulated BMDCs ( Fig. 2a) , which indicated that phosphorylated S6K1 signaled to its downstream target rpS6 in BMDCs at steady state. The phosphorylation of S6K1 at Ser371 and Thr389 remained the same after the transduction of Ad as it was in non-transduced BMDCs (Fig. 2a) . Pretreatment with the mTOR inhibitor rapamycin 16, 26 for 2 h before Ad transduction abolished the phosphorylation of S6K1 and rpS6 in wild-type BMDCs (Fig. 2b) . Despite the profound suppression of S6K1 phosphorylation, Ad-triggered IRF3 phosphorylation was not inhibited by rapamycin (Fig. 2b,c) . Notably, we observed that lentiviral reconstitution with a kinase-inactive version of S6K1 (S6K1(K100R)) restored the Ad-induced phosphorylation of IRF3 in S6k1 −/− S6k2 −/− BMDCs (Fig. 2d) . These observations S6k1
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A r t i c l e s indicated that S6K was required for the Ad-triggered activation of IRF3, but its kinase activity was not.
Activation of TBK1 by STING does not involve S6K1 or S6K2
To define the mechanisms of S6K's action in IRF3 signaling, we carried out Ad transduction of BMDCs in which key adaptors representing distinct signaling cascades were ablated genetically. We observed that Ad-triggered IRF3 phosphorylation was unimpaired in BMDCs deficient in the adaptors MyD88 and TRIF (Myd88 −/ − Ticam1 −/− ; called 'Myd88 −/− Trif −/− ' here) (Fig. 3a) . Similarly, Ad-triggered phosphorylation of IRF3 in BMDCs deficient in the adaptor MAVS (Mavs −/− ) was intact ( Fig. 3b) . In contrast, genetic ablation of STING (Tmem173 −/− ), an adaptor that represents the cytosolic DNA pathway 12, 27 , abolished Ad-induced phosphorylation of IRF3 ( Fig. 3c) , which confirmed that the cytosolic DNAmediated, STING-dependent pathway was responsible for the Ad-induced activation of IRF3 in BMDCs. Cellular sensing of virally presented cytosolic DNA causes STING to recruit and activate TBK1 (refs. 6,7,9) . Activated TBK1 in turn phosphorylates its downstream substrate IRF3 (refs. 6,7,9) . Thus, we investigated the contribution of S6K1 to the STING signalosome that links to TBK1 and IRF3. Ad induced robust phosphorylation of TBK1 at Ser172, a hallmark of TBK1 activation, in wild-type BMDCs (Fig. 3c) . Notably, genetic deletion of STING abolished the Ad-induced phosphorylation of TBK1 (Fig. 3c) , which correlated with the absence of IRF3 phosphorylation in TBK1-deficient (Tbk1 −/− ) BMDCs (Fig. 3d) . These data confirmed the conclusions that STING functioned upstream of TBK1 and that TBK1 was the key kinase responsible for Ad-triggered phosphorylation of IRF3 in BMDCs. However, despite the profound suppression of IRF3 phosphorylation in S6k1 −/− S6k2 −/− BMDCs (Fig. 3e) , Ad-triggered phosphorylation of TBK1 was normal in such cells (Fig. 3e) . Consistent with that, we observed that rapamycin did not inhibit the Ad-triggered phosphorylation of TBK1 in BMDCs (Fig. 3f) . Rapamycin inhibited only the kinase activity of S6K but did not deplete BMDCs of S6K proteins (Fig. 3f) . As expected, rapamycin did not suppress IRF3 phosphorylation in BMDCs (Fig. 3f) . Together these results indicated that unlike the activation of IRF3, the STING-dependent activation of TBK1 occurred independently of S6K1 and S6K2, which suggested that S6K1 and S6K2 modified the ability of activated TBK1 to phosphorylate IRF3 in the context of an Ad-triggered and STING-dependent recognition signal in BMDCs.
Requirement for S6K1 and S6K2 in the binding of IRF3 to STING STING has a scaffold function and binds both TBK1 and IRF3 (ref. 28) . To investigate if S6K influenced the IRF3-TBK1 interaction via STING, we conducted co-immunoprecipitation studies and observed that endogenous STING bound to both TBK1 and IRF3 in Ad-transduced BMDCs (Fig. 4a) . Although genetic deletion of S6K1 and S6K2 did not impair the TBK1-STING interaction (Fig. 4a) , the binding of IRF3 to STING was abolished in S6k1 −/− S6k2 −/− BMDCs (Fig. 4a) . These data suggested that S6K1 and S6K2 were required for the binding of IRF3 to the activated STING in the Ad-triggered cytosolic DNA pathway.
To extend those findings, we transduced Ad into Irf3 −/− and Tbk1 −/− BMDCs. STING immunoprecipitated together with TBK1 in Ad-transduced Irf3 −/− BMDCs (Fig. 4b) . In contrast, STING did not immunoprecipitate together with IRF3 in Ad-transduced Tbk1 −/− BMDCs (Fig. 4c) , which indicated that the Ad-triggered binding of TBK1 to STING occurred independently of IRF3; this would mechanistically explain the uncoupling of the activation of TBK1 and that of IRF3 (Fig. 3e) . Phosphorylation of STING has been shown to enhance IRF3 activation 15, 28 . Thus, we sought to determine whether S6K1 and S6K2 had a role in the phosphorylation of STING. In wild-type BMDCs, transduction of Ad resulted in an apparent shift in the mobility of STING in a time-dependent manner (Fig. 4d) . Phosphatase treatment abolished the STING bands of higher molecular weight that appeared after the transduction of Ad (Fig. 4e) , which indicated that the observed shift in the mobility of STING was due to phosphorylation. Notably, Ad-triggered shift in the STING band was unimpaired in S6k1 −/− S6k2 −/− BMDCs (Fig. 4d) . In contrast, 
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Ad was unable to elicit this shift in Tbk1 −/− BMDCs (Fig. 4d) , which demonstrated that the Ad-triggered phosphorylation of STING was TBK1 dependent. Notably, we observed that although infection with VSV resulted in substantial phosphorylation of IRF3, it did not cause any discernible shift in the mobility of STING ( Supplementary  Fig. 4a ). This was consistent with the finding that MAVS was required for VSV-induced activation of IRF3 in BMDCs ( Supplementary  Fig. 4a ), which emphasized that the activation of STING constitutes a hallmark for cytosolic DNA-mediated signaling 12, 27 . Collectively, these results suggested an important role for S6K in facilitating the binding of IRF3 to cytosolic DNA-activated STING.
S6K1 interacts with STING to promote IRF3 phosphorylation
The requirement for S6K1 and S6K2, particularly S6K1, for the binding of IRF3 to activated STING suggested an interaction between S6K1 and STING in Ad-transduced BMDCs. To explore this possibility, we performed endogenous co-immunoprecipitation assays. While S6K1 and STING did not associate in mock-infected BMDCs, Ad induced the interaction of endogenous S6K1 with STING in BMDCs (Fig. 5a) . Of note, when the cytosolic DNA sensor cGAS was silenced through the use of cGAS-specific short hairpin RNA (shRNA) in BMDCs (Fig. 5a,b) , the endogenous S6K1-STING interaction was reduced (Fig. 5a ) and phosphorylation of IRF3 was inhibited (Fig. 5a) . In contrast, lipopolysaccharide or VSV did not induce the coimmunoprecipitation of S6K1 and STING in BMDCs ( Supplementary  Fig. 4b ) under conditions in which IRF3 was potently phosphorylated (Supplementary Fig. 4b) . Collectively, these results indicated that the S6K-STING interaction occurred only in the cytosolic DNAcGAS-STING pathway to promote the phosphorylation of IRF3.
Next we transfected S6K1 and STING expression plasmids into HEK293T cells, which are human embryonic kidney cells widely used as transfection hosts that lack endogenous cGAS and STING 6, 29 ( Fig. 5c) . Co-transfection resulted in an association between hemagglutinin (HA)-tagged mouse S6K1 (S6K1-HA) and Flag-tagged mouse STING (STING-Flag) (Fig. 5d) . Notably, HA-tagged kinase-inactive S6K1 (S6K1(K100R)-HA) 30 bound to Flag-tagged wild-type STING (STING(WT)-Flag) in a manner similar to that of HA-tagged wild-type S6K1 (S6K1(WT)-HA) (Fig. 5d) , which indicated that the S6K1-STING interaction in mammalian cells did not require the kinase function of S6K1. Next we investigated the influence of STING activation on the S6K1-STING interaction through the use of the STING activator cGAMP 8, 24 in HEK293T cells, which do not express endogenous cGAS (Fig. 5c) and do not produce endogenous cGAMP 6 . Because ectopically expressed STING is reported to be auto-activated in a ligand-independent manner 29,31 , we transfected HEK293T cells with a 'pre-titrated' amount of plasmid encoding STING(WT)-Flag together with plasmid encoding S6K1(WT)-HA such that STING-Flag remained responsive, and treated the cotransfected HEK293T cells with cGAMP. We observed that cGAMP increased the interaction of S6K1(WT)-HA and STING(WT)-Flag in HEK293T cells (Fig. 5e) . To evaluate the physiological relevance of this interaction, we transfected HEK293T cells with a 'pre-tested' amount of plasmid encoding STING(WT)-Flag such that STING-Flag induced only minimal phosphorylation of IFR3 (Fig. 5f) . Co-transfection of plasmid encoding STING(WT)-Flag together with plasmid encoding S6K1(WT)-HA or S6K1(K100R)-HA similarly augmented the STING-Flag-dependent phosphorylation of endogenous IRF3 in HEK293T cells (Fig. 5f) .
Next we explored whether S6K1 affected the dimerization or oligomerization of STING, as this is a key process for signal propagation in signaling via the innate immune system 14, 27, 28 . In HEK293T cells co-transfected with plasmids encoding HA-tagged wild-type STING (STING(WT)-HA) and STING(WT)-Flag, STING existed partially as a dimer (Fig. 5g) . However, the fraction of STING dimer npg was increased substantially when cells were co-transfected with plasmid encoding S6K1(WT)-HA (Fig. 5g) , which suggested that the S6K1-STING interaction augmented the formation or stabilization of STING dimers or oligomers.
The N-and C-terminal regions of S6K1 are known to regulate its activity 16, 32 . To determine whether these regions were involved in the S6K1-STING interaction, we transfected plasmid encoding STING(WT)-Flag into HEK293T cells together with plasmid encoding Myc-tagged wild-type S6K1 or various truncation mutants of S6K1. Truncation of the S6K1 N terminus had no effect on the interaction of Myc-tagged S6K1 and STING(WT)-Flag (Fig. 6a) . Notably, deletion of the S6K1 C terminus did not exert an inhibitory effect either (Fig. 6a) . The C termini of signaling proteins are often involved in protein-protein interactions 15, 28, 33 . Thus, to further confirm the lack of involvement of the S6K1 C terminus in the S6K1-STING interaction, we used a construct that expressed only the C terminus of S6K1. The S6K1 C terminus was unable to associate with STING in HEK293T cells (Supplementary Fig. 5a ), which demonstrated that the regulatory domains of S6K1 required for canonical mTOR-S6K1 signaling were not required for the binding of S6K1 to STING. In contrast, mutant S6K1 with deletion of its kinase domain abolished the S6K1-STING interaction in HEK293T cells (Fig. 6b) .
Next we determined which S6K1 domain(s) was (were) involved in augmenting the STING-induced phosphorylation of IRF3, as STING is the key structure for anchoring IRF3 for its phosphorylation by TBK1 (refs. 28,33) . Following co-transfection of HEK293T cells with plasmids encoding various Myc-tagged wild-type or mutant S6K1 together with plasmid encoding STING(WT)-Flag, Myc-tagged wild-type S6K1 substantially enhanced the STING-Flagdependent phosphorylation of IRF3 (Supplementary Fig. 5b) . Notably, this enhancement of IRF3 phosphorylation by S6K1 remained unchanged when plasmid encoding S6K1 lacking its N terminus or its C terminus or both was transfected together with plasmid encoding STING(WT)-Flag (Supplementary Fig. 5b ). In contrast, S6K1 with deletion of its kinase domain was unable to promote the STING-dependent phosphorylation of IRF3 (Supplementary Fig. 5b) . Collectively, these data identified S6K as an additional binding partner of STING for the promotion of IRF3 phosphorylation.
Formation of a tripartite S6K1-STING-TBK1 complex
To further investigate how TBK1 modulated the S6K1-STING interaction, we silenced expression of the gene encoding TBK1 in HEK293T cells through the use of TBK1-specific shRNA (Fig. 7a) . Silencing of the gene encoding TBK1 markedly inhibited the interaction of S6K1(WT)-HA and STING(WT)-Flag (Fig. 7b) , which indicated a pivotal role for TBK1 in the S6K1-STING association. To address whether S6K1 and TBK1 interacted directly, we took advantage of the lack of endogenous STING in HEK293T cells 6 and co-transfected plasmids encoding S6K1(WT)-HA and Flag-tagged wild-type TBK1 (TBK1(WT)-Flag) into these cells. We did not observe an appreciable direct interaction between S6K1(WT)-HA and TBK1(WT)-Flag in the absence of endogenous STING (Fig. 7c) , which suggested that TBK1 might modify STING activity by unveiling a docking site on STING for S6K1.
To test our hypothesis, we co-transfected plasmids encoding S6K1(WT)-HA and STING(WT)-Flag into HEK293T cells with or without plasmid encoding Flag-tagged wild-type TBK1 (TBK1(WT)-Flag) or kinase-inactive TBK1 mutant (TBK1(K38A)-Flag) 34 . TBK1(WT)-Flag and TBK1(K38A)-Flag were expressed at similar levels (Fig. 7d) . Notably, co-transfection of plasmid encoding TBK1(WT)-Flag resulted in a shift to STING bands of higher molecular weight, but co-transfection of plasmid encoding TBK1(K38A)-Flag did not (Fig. 7d) , and the shifted bands disappeared after treatment (Fig. 7d) and results obtained by treatment with phosphatase (Fig. 7e) . In contrast, no STING with a shift in mobility was precipitated by S6K1(WT)-HA in the presence of TBK1(K38A)-Flag (Fig. 7d) . The faster migrating band of STING precipitated by S6K1(WT)-HA in the presence of TBK1(K38A)-Flag (Fig. 7d) could have been attributed to the endogenous TBK1, as that band was further diminished in cells in which TBK1 was knocked down and that were triply transfected with plasmids encoding S6K1(WT)-HA, STING(WT)-Flag and TBK1(K38A)-Flag (data not shown).
Of note, S6K1(WT)-HA also precipitated together with TBK1(WT)-Flag but not with TBK1(K38A)-Flag (Fig. 7d) even though both bound to STING (Fig. 7d) ; this indicated that the binding of TBK1 to STING alone might not have been sufficient for promoting an interaction event between S6K1 and STING and suggested an important role for TBK1-mediated phosphorylation of STING in facilitating the S6K1-STING interaction. To further confirm that hypothesis, we found that isolated recombinant TBK1(WT)-Flag caused phosphorylation of isolated STING(WT)-Flag in an in vitro kinase assay (as demonstrated by slower mobility), but isolated recombinant S6K1(WT)-HA did not (Supplementary Fig. 6 ). Isolated S6K1(WT)-HA precipitated together with both isolated STING(WT)-Flag and TBK1(WT)-Flag following the kinase reaction (Supplementary Fig. 6 ), Collectively, these results further demonstrated that S6K1 was able to interact directly with phosphorylated STING and form a S6K1-STING-TBK1 tripartite complex in mammalian cells.
Requirement for S6K-IRF3 signaling in in vivo antiviral immunity
To assess the physiological relevance of S6K in Ad-induced IRF3 signaling in BMDCs, we used Ad-transduced DC-based vaccination as an in vivo system. We transduced wild-type, S6k1 −/− S6k2 −/− and Irf3 −/− BMDCs with either an empty Ad vector or Ad vector encoding the chicken ovalbumin peptide SIINFEKL (Ad-OVA), as a model foreign antigen, and injected these transduced BMDCs into the footpads of wild-type recipient mice. We observed that the transfer of Ad-OVA-transduced S6k1 −/− S6k2 −/− or Irf3 −/− BMDCs resulted in significantly impaired OVA-specific CD8 + T cell responses compared with those of mice inoculated with Ad-OVA-transduced wild-type BMDCs (Fig. 8a) . Subsequent challenge of the BMDC-vaccinated mice with a single intraperitoneal injection of recombinant vaccinia virus expressing OVA (VV-OVA) showed that the mice vaccinated with Ad-OVA-transduced S6k1 −/− S6k2 −/− or Irf3 −/− BMDCs failed to control infection with vaccinia virus (Fig. 8b) .
S6Ks are known for their role in the translation of mRNA 35 . Notably, S6k1 −/− S6k2 −/− BMDCs showed expression of Ad transgene-encoded antigens similar to that of wild-type BMDCs ( Supplementary  Fig. 7a,b) , which indicated that S6k1 −/− S6k2 −/− BMDCs were not impaired in their ability to induce T cell responses due to global defects in protein expression. Similarly, S6k1 −/− S6k2 −/− BMDCs exhibited a level of SIINFEKL peptide presentation (via H-2K b ) similar to that of Irf3 −/− and wild-type BMDCs (Supplementary Fig. 7c ). In addition, S6k1 −/− S6k2 −/− BMDCs had an ability to migrate to draining lymph nodes similar to the migration ability of Irf3 −/− and wild-type BMDCs (Supplementary Fig. 7d,e) , and in those lymph nodes, they displayed surface expression of the integrin CD11c similar to that of Irf3 −/− and wild-type BMDCs (data not shown). Collectively, these data indicated that S6K-IRF3 signaling in the donor BMDCs was important for the induction of optimal antigen-specific T cell responses by DNA vector-transduced DCs in the recipient hosts.
Furthermore, the innate antiviral response to HSV-1 is STING dependent 12 . This virus can cause productive infection in mice when transmitted via the intravaginal route 12 . We observed that HSV-1 replication was markedly increased in the vaginal tract of both S6k1 −/− S6k2 −/− mice and Irf3 −/− mice compared with its replication in wild-type mice (Fig. 8c) , which indicated that infection of the vaginal mucosa with HSV-1 was also restricted by S6K-dependent IRF3 signaling. Together these findings suggested that S6K-IRF3 signaling is an important defense component in the host immune network. npg DISCUSSION S6Ks are known to have extensive roles in important cellular processes such as mitochondrial metabolism, cell-cycle progress and ribosome biogenesis 16 . In this study, we found that S6K1 and S6K2 were required for DNA virus-triggered activation of IRF3 in BMDCs. We have provided evidence that S6K1 associated physically with activated STING and formed a tripartite S6K1-STING-TBK1 signaling complex. We further demonstrated that S6K-mediated IRF3 signaling contributed to the early-phase expression of IRF3 target genes and the induction of robust T cell responses and mucosal antiviral defense. Thus, our report has revealed a crucial function for S6K1 and S6K2 in regulating the cytosolic DNA-cGAS-STING pathway to activate IRF3.
S6Ks are serine-threonine kinases whose function is subject to rapamycin inhibition 16 . Published reports have shown that treatment with rapamycin substantially suppresses the induction of interferons and proinflammatory cytokines in a variety of cell types, including plasmacytoid DCs, glioma cells and keratinocytes [17] [18] [19] , which suggests that the kinase activity of S6Ks is required for regulating these signaling processes. Here we found that S6K-dependent activation of IRF3 was resistant to inhibition via rapamycin in BMDCs following transduction of Ad. In addition, a kinase-inactive version of S6K1 restored the Ad-induced phosphorylation of IRF3 in S6k1 −/− S6k2 −/− BMDCs to a level similar to that achieved by wild-type S6K1. Thus, the kinase-independent role of S6K1 and S6K2 in the activation of IRF3 provides an example of a context-specific switch in the regulatory roles of S6Ks. Of note, we did not observe any difference between wild-type BMDCs and S6k1 −/− S6k2 −/− BMDCs in their expression of the related endogenous signaling proteins STING, TBK1 or IRF3. Moreover, we confirmed that DNA virus-mediated transgene products and antigen presentation were not inhibited in S6k1 −/− S6k2 −/− BMDCs. These observations support the proposal that S6K protein, but not its kinase function, might directly modulate innate antiviral immunity as a result of its being a regulator of IRF3 signaling.
The activation of IRF3 is a key effector event upon which diverse regulatory signals converge in a context-specific way. On the basis of our molecular interaction data, we suggest the following model for S6K1-promoted activation of IRF3 in the cytosolic DNAcGAS-STING pathway: upon being activated by cGAS-cGAMP, STING recruits TBK1 to form a STING-TBK1 signaling complex. This event occurs independently of S6Ks and IRF3. Subsequently, S6K1 interacts with phosphorylated STING to form a tripartite S6K1-STING-TBK1 signaling complex. Because the kinase-inactive S6K1 mutant interacted with STING in a way similar to the interaction of wild-type S6K1 with STING, our working model further suggests that independently of its kinase function, S6K1 acts as an 'auxiliary adaptor' or 'scaffold' in promoting the binding of IRF3 to the STING-TBK1 complex to facilitate the TBK1-mediated phosphorylation of IRF3.
Phosphorylation of STING by TBK1 has been shown to have an essential role in recruiting IRF3 (ref. 33 ). Here we found that TBK1-mediated phosphorylation of STING was crucial for the promotion of a tri-molecular S6K1-STING-TBK1 interaction, particularly in intact cells, which was required for the propagation of IRF3 signal transduction. Thus, we hypothesize that the phosphorylation site(s) on STING targeted by TBK1 used for the recruitment of IRF3 might also be involved in the S6K1-STING interaction. This hypothesis awaits substantiation in future studies.
Upon being activated by ligands in the cytosol, STING triggers both NF-κB signaling cascades and IRF3 signaling cascades 6, 7, 9, 24 . Transduction of Ad promoted the phosphorylation of both IRF3 and NF-κB in BMDCs. However, in contrast to the phosphorylation of IRF3, the Ad-elicited phosphorylation of NF-κB was not S6K dependent in BMDCs (data not shown). This observation demonstrates the specificity of S6Ks as cellular signaling molecules.
DNA virus-transduced DC-based vaccines hold promise for the immunotherapy of cancer as well as of certain viral diseases 36 . We observed that Ad-transduced donor BMDCs required S6K-dependent IRF3 signaling to achieve optimal T cell responses in recipient hosts. This finding not only demonstrates the utility of understanding the signaling pathways of the innate immune system in virus-transduced DCs but also provides a rationale for exploring the manipulation of virus-transduced DCs ex vivo for the desired outcome of DC-based vaccines in vivo. Notably, the response to HSV-1, another DNA virus that induces a STING-dependent antiviral response 12 , also depended on S6K-dependent IRF3 signaling. In the absence of S6K1 and S6K2, this virus exhibited increased replication in the mucosa. npg IRF3 is a key transcription factor that mediates an array of pivotal immune processes 20, 21 . Congruently, a sophisticated regulatory mechanism for the activation of IRF3 might be evolutionarily advantageous, as it would offer the host possible context-specific regulation so that a given response could be initiated in a timely way, finely tuned and properly terminated. Our discovery of S6K1 and S6K2 as crucial regulators of IRF3 provides new insight into the IRF3 signaling network, particularly in its linkage to the STING-TBK1 signaling complex, a key signalosome in cellular innate immunological responses.
METHODS
Methods and any associated references are available in the online version of the paper. Probes) according to the product specification. The fluorescence staining was examined with an LSM 510 META inverted confocal microscope (63× oil objective; Carl Zeiss).
Immunoblot and immunoprecipitation.
For immunoblot (IB) analysis, the treated cells were lysed in radioimmunoprecipitation buffer (RIPA) (10 mM phosphate pH 7.4, 137 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS) supplemented with protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail II and III (Sigma). The preparation of cytoplasmic and nuclear extracts was conducted as previously described 50 . Total or fractionated cellular extracts were resolved on 7.5-12% SDS-PAGE and transferred to nitrocellulose membrane (Santa Cruz). Blots were blocked in Odyssey blocking buffer (Li-cor) unless otherwise specified and detection was performed with respective primary antibodies, and bands were visualized with infrared dye-conjugated secondary antibodies using Odyssey scanner (Li-cor). For immunoprecipitation (IP), the treated cells were lysed in IP buffer (20 mM Tris-HCl pH 7.4, 137 mM NaCl, 1 mM EDTA, 1% NP-40, 10% glycerol and protease/phosphatase inhibitor cocktail from ThermoFisher Scientific, #78441). The cellular extracts were incubated with respective IP antibodies or IP antibodies conjugated to Sepharose beads at 4 °C for 1-3 h or overnight as specified. The immunoprecipitates were washed thoroughly and boiled in SDS sample buffer for western blot analysis. In some experiments, the kinase reactione with STING-Flag and TBK1-Flag were conducted at 30 °C first and S6K1-HA was added at 4 °C later for 1 h. Thereafter, IP buffer (300 µl containing protease/phosphatase inhibitor cocktail from ThermoFisher Scientific, #78441) was added at 4 °C. To avoid the interference with the subsequent IP reactions by free HA or Flag peptides in the reaction mixtures from the competitive elution process, the IP reactions were conducted with rabbit anti-S6K1 antibody (Millipore, #05-781R) for 1 h and the S6K1-antibody complexes were precipitated with anti-rabbit IgG F(ab′)2 fragment Sepharose (Cell Signaling Technology #3400) for 1 h at 4 °C. The immunoprecipitates were analyzed by immunoblot analysis using anti-Flag or anti-S6K1 antibody as indicated.
In vitro
Antibodies. The primary antibodies used for immunoblot analysis and IP were from the following sources: abcam: IFIT1 (ab11821); Cell Signaling
